Hydrophobic interaction chromatography (HIC) as an indispensable method for protein purification has attracted considerable attentions of researchers as well as biopharmaceutical industries. However, the low binding capacity and slow adsorption rate of the currently available HIC media lead to a little supply and high price of the highly purified proteins. Herein, nanofibrous membranes with hydrophobic binding sites were developed for HIC by directly coupling phenyl glycidyl ether on the hydrolyzed cellulose acetate nanofiber membrane (cellulose-phenyl NFM). Scanning electron microscope (SEM), water contact angle (WCA), Fourier transform infrared (FTIR), thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) surface area analysis and capillary flow porometer (CFP) were applied to evaluate the physically and chemically structural transformation. The obtained cellulose-phenyl NFMs showed a proper hydrophilcity (WCA = 37°), a relatively high BET surface area (3.6 times the surface area of commercial fibrous membranes), and tortuous-channel structure with throughhole size in the range of 0.25-1.2 μm, which led to a little non-specificity adsorption, high bovine serum albumin adsorption capacity of 118 mg g −1 , fast adsorption process within 12 h, good long-term stability and reusability. Moreover, compared with traditional modification methods which always include activation and graft two steps, direct coupling method is more efficient for HIC media fabrication. Therefore, cellulose-phenyl NFMs with outstanding protein adsorption performance could be a kind of promising candidate for HIC.
Introduction
Separation and purification of proteins are mostly performed by chromatography owing to its high efficiency and high resolution [1] . Hydrophobic interaction chromatography (HIC) as a complementary to ion exchange and affinity chromatography, which separates proteins with minimum protein structural denaturation, has been regard as a powerful method for protein separation both in laboratory and industry [2] . Conventional HIC columns for bio-separation are packed with porous resin beads or gel microspheres modified with butyl, hexyl, octyl or phenyl groups. These media are incapable of meeting large quantities of separation due to their inherent deficiencies, such as the slow adsorption rate, low flow rate and large dosage of solvent consumption caused by diffusion type and internal binding sites.
Porous membranes as a kind of promising chromatography media have shown great preponderances. One of the most important superiority of membrane chromatography is that the mass transfer resistance is reduced when compared to beads-packed column chromatography, which boosts the adsorption rate and reduces the buffer usage [3] [4] [5] [6] . These advantages make membrane chromatography much more attractive these years. Polyvinylidene fluoride microporous membranes applied for purification of monoclonal antibody, chimeric heavy chain monoclonal antibody, human plasma proteins, mono-PEGylated lysozyme, immunoglobulin G and its subclasses have been reported by Ghosh and coworkers, implying that membranes could be a kind of cost-effective media for protein HIC with high efficiency [7] [8] [9] [10] [11] [12] [13] [14] [15] . Moreover, filter papers modified with polyethylene glycol, poly-(N-isopropylacrylamide)butyl-acrylate or poly (N-vinyl caprolactam) were also developed as HIC media [6, 16, 17] . These filter paperbased HIC media could allow the flow flux of the mobile phase being heavily improved. Although HIC membranes have been in existence for quite a while, the limited binding capacity of these membranes caused by the relatively small specific surface area restricts their practical applications [18] [19] [20] .
Nanofiber-assembled membranes possess highly tortuous porous structure, large specific surface area, and robust mechanical strength [21] [22] [23] , which could elevate the immobilization efficiency, long-term stability and reusability, are expected to be ideal substitutes to porous resin beads and microporous membranes for immobilization of ligands and capturing protein.
Here we propose a novel kind of HIC media based on phenyl-modified electrospun nanofibrous membranes (NFMs). Cellulose nanofiber membrane is designed as the matrix for its large surface area, low nonspecific adsorption feature and excellent corrosion stability [24, 25] . However, the fabrication of cellulose nanofibers by electrospinning directly is difficult due to the insolubility of cellulose in common solvents. To overcome this disadvantage, we prepared the electrospinning cellulose acetate (CA) NFMs as the pre-matrix, and then hydrolyzed the CA NFMs to cellulose NFMs for phenyl grafting by direct coupling method. In comparison to traditional modification methods which always include activation and graft two steps, direct coupling method is more efficient for HIC media fabrication. To the best of our knowledge, though electrospun NFMs as protein adsorbents based on affinity and ion-exchange have been developed [26] [27] [28] , there is fewer reported work on applying phenyl group modified cellulose NFMs for proteins adsorption based on hydrophobic interaction. The resultant cellulose-phenyl NFMs showed excellent adsorption performance, involving high bovine serum albumin (BSA) binding capacity, rapid adsorption rate, and favorable reusability. It is expected that these HIC media made in the present work could meet the efficient adsorption of proteins.
Experimental Section

Preparation of Cellulose-Phenyl NFMs
The CA solution was prepared by dissolving 7.5 g CA powder (Mw = 30,000, acetyl content of 40%) in 42.5 g DMAc/ acetone (1/2, w/w) mixture solvent with a vigorous stir of 12 h. The electrospinning was performed under a voltage of 20 kV, a flow rate of 0.5 ml h −1 , a spinneret-to-collector distance of 15 cm, temperature of 25 ± 5 °C, and relative humidity of 45 ± 5%. Afterword, the obtained CA NFMs were hydrolyzed in 0.2 M NaOH aqueous solution at 50 °C for 5 h to get the cellulose NFMs. Subsequently, the cellulose NFMs were washed with deionized water, and then were dehydrated by the mixed solvent of acetone/water with gradient ratios (1/3, 2/2, 3/1, 4/0). The modification of cellulose NFMs with phenyl glycidyl ether (PGE) was performed as follows: 10 ml cellulose NFMs were immersed into 20 ml dioxane with 1 ml PGE, followed by adding 0.1 g BF 3 ·Et 2 O as catalyst. The PGE ring-open reaction was taken place at 45 °C, 30 min. Finally, the obtained cellulose-phenyl NFMs were washed with acetone/water (3/1, 2/2, 1/3, 0/4) and dried at 60 °C for 4 h in the oven.
Protein Adsorption Experiment
The protein adsorption experiment was performed by immersing 0.02 g cellulose-phenyl NFMs in 4 ml of 1 mg ml −1 BSA solution with 2 mmol ml −1 (NH 4 ) 2 SO 4 (pH = 7) for 24 h. The effects of pH value (5, 6, 7, 8 and 1 3 9), (NH 4 ) 2 SO 4 concentration (0, 0.5, 1.0, 1.5, 1.75 and 2 mmol ml −1 ), and BSA concentration (0.2, 0.4, 0.6, 0.8 and 1.0 mg ml −1 ) on the adsorption performance were also investigated. The reusability of the cellulose-phenyl NFMs was realized by washing the fibrous membranes with PBS five times after each adsorption. The BSA concentration of the solution was detected by ultraviolet-visible (UV-vis) spectrophotometer (at 277 nm).
Characterization
The microstructure of the NFMs was characterized by scanning electron microscope (SEM, TM 3000). The thermal property was performed by thermogravimetric analysis (TGA). Fourier transform infrared spectroscopy (FTIR) was used to characterize the chemical structure of the samples. The water contact angle (WCA) was measured by contact angle measuring device. The Brunauer-Emmett-Teller (BET) surface area was characterized by the surface area analyzer (ASAP2020). The through-hole size distribution was analyzed by capillary flow porometer. The pH value of protein solution was tested by pH meter (PHS-3C).
Results and Discussion
Chromatographic media are always washed by corrosive solutions, therefore, the materials should have good chemical stability to resist harsh conditions. Additionally, nonspecific adsorption should be minimized since the nonspecific adsorption can compromise the purification efficiency. Cellulose is a commonly used matrix for its good chemical stability and low nonspecific adsorption feature. However, it is difficult to be dissolved in the general solvents, leading to the fabrication of electrospun cellulose nanofiber membranes difficult. Herein, CA NFMs were firstly fabricated by electrospinning, and then they were deacetylated to cellulose NFMs by NaOH solution. The cellulose-phenyl NFMs applied for protein adsorption based on hydrophobic interaction were got by further modifying the cellulose NFMs with PGE (Scheme 1).
The Physical and Chemical Structure of Cellulose-Phenyl NFMs
The morphological changes of NFMs caused by hydrolysis and grafting reactions were shown in Fig. 1a-d . The CA NFMs exhibited smooth fiber surface, and the average fiber diameter was 245 nm. Notwithstanding that CA is a kind of hydrophilic polymer, the CA NFMs showed a WCA of Scheme 1 a The schematic illustration of cellulose-phenyl NFM fabrication process and b the chemical reactions during this procedure 130° due to the influence of acetyl group and hierarchical nanofibrous structure [29] . Upon being deacetylated in 0.2 M NaOH solution at 50 °C, the acetyl groups gradually converted to hydroxyl groups, leading to the obtained cellulose NFMs with a larger average fiber diameter of 269 nm and super hydrophilicity. The FTIR analysis also confirmed that CA transferred to cellulose. As shown in Fig. 1e , FTIR characteristic peaks of CA such as alkoxyl stretch of ester at 1223 cm −1 and vibrations of acetyl groups at 1725 cm −1 completely disappeared after hydrolysis. On the contrary, the peak at 3325 cm −1 corresponding to the vibration of -OH increased sharply. After PGE modification, bonding points among fibers appeared in the cellulose-phenyl NFMs (Fig. 1c) . Nevertheless, the tortuous channels still existed in the cellulose-phenyl NFMs (Fig. 1d ). The WCA of cellulosephenyl NFMs was 37°, indicating the wettability had a little change after modification of phenyl group. Whereas, no new peaks appeared after coupling with phenyl groups, which may attribute to the weak stretching and relatively low percent grafting of phenyl group [30] .
The changes of chemical structure were further confirmed by pyrolysis analysis. The thermogravimetric (TG) curves and the first derivative of the TG (DTG) curves in Fig. 2 showed that the pyrolysis processes of all samples include three stages: loss of moisture, degradation of the polymer chains, and decomposition of glucosyl. Parameters including temperature of samples starting to decompose (T start ), temperature of the maximum degradation reaction rate (T max ) and temperature of the decomposition end (T end ) deduced from the TG and DTG curves were shown in Table 1 . For CA, 80.0% weight loss happened at 257-377 °C and the maximum mass loss rate was at 354 °C. Compared to CA NFMs, degradation of cellulose NFMs occurred at a lower temperature range (226-357 °C), which was also reported by Zhou et al. [31] . The corresponding decompose temperature of cellulose-phenyl NFMs was in the range of 233-350 °C, quite near to that of cellulose NFMs. Nevertheless, since Lewis acid catalyst is very aggressive to cause more or less undesired degradation of cellulose during phenyl modification [32] , the T max (303 °C) of cellulose-phenyl is a little lower than that of cellulose (316 °C). Interestingly, the degradation of cellulose-phenyl NFMs at the third stage was in a higher temperature range (450-550 °C) when compared to that of CA (450-520 °C) and cellulose (400-470 °C), which may attribute to the aromatization of charred residues [33] . Surface area and porous structure, including mesoporous and through channels of NFMs, are the vital factors that greatly affected the protein binding capacity and drop pressure. The N 2 adsorption and desorption curves in Fig. 3a revealed that there was no mesoporous on the nanofiber surface, thus the pore diffusion of proteins could be avoided, and the adsorption and desorption time could be reduced. The BET surface area of CA, cellulose, and cellulose-phenyl NFMs was 4.18, 3.45, and 2.95 m 2 g −1 , respectively. The decrease of the cellulose NFMs surface area may be due to the increased fiber diameter, while the decrease of the cellulose-phenyl NFMs surface area may attribute to the adhesion structure among fibers (Fig. 1c ). Even though, the surface area of cellulose-phenyl NFMs was still much superior to that of commercial fibrous membranes (0.81 m 2 g −1 ) [20] .
The through hole size distributions tested by capillary flow porometer showed that the average pore size decreased from 1.8 to 0.5 μm after deacetylation and modification (Fig. 3b) , which may attribute to the increased packing density and adhesion structure in cellulose-phenyl NFMs.
Protein Adsorption Behavior of Cellulose-Phenyl NFMs
To get a deep insight into the adsorption behavior, adsorption experiments under different conditions were performed. Comparative adsorption test of CA, cellulose and cellulosephenyl NFMs were firstly performed to analyze the effect of chemical structure. The UV-spectra in Fig. 4a showed that the CA NFMs had a BSA binding capacity of 57 mg g −1 due to the hydrophobic acetyl groups. In contrast, quiet few proteins have been adsorbed on cellulose NFMs. This is because the superhydrophilic hydroxyl groups covered on the cellulose are protein resistant. After modified with hydrophobic phenyl groups, the binding capacity of cellulose-phenyl NFMs reached 91 mg g −1 , and this result can be attributed to the phenyl groups which played as hydrophobic binding sites for protein capturing. The FTIR in Figure S1 showed that after adsorption of BSA, spectrum peaks at 3189 and 3022 cm −1 attributed to the vibrations of N-H, and peaks at 1409 and 1049 cm −1 corresponding to the vibrations of C-N appeared, indicating BSA has been adsorbed on the cellulose-phenyl NFMs. Though the CA NFMs can adsorb proteins as well, it is nonspecific adsorption and not conducive to protein separation. We confirmed the nonspecific adsorption of CA NFMs by comparing the binding capacities between the first and second adsorptions. As shown in Fig. 4b , the binding capacities of cellulose and cellulosephenyl NFMs after the second adsorption had no obvious change, indicating their nonspecific adsorption was not Fig. 3 a N 2 adsorption-desorption curves and b through hole size distributions of CA, cellulose and cellulose-phenyl NFMs tested by capillary flow porometer serious. However, the binding capacity of CA NFMs in the second cycle decreased heavily, illustrating the hydrophobic binding sites were occupied by proteins adsorbed in the first cycle and could not be eluted by PBS. Therefore, cellulosephenyl NFMs with low nonspecific adsorption are favorable to protein separation.
Since pH value can affect the protein binding capacity via influencing the net charge and charge distribution of proteins, BSA binding capacities of cellulose-phenyl NFMs at various pH values were assayed. The experimental results showed that the BSA binding capacity decreased as the pH value increasing from 5 to 9 (Fig. 5 ). This phenomenon can be explained as follows: when the pH value was close to the isoelectric point of BSA (4.7), the net charge was about zero and hydrophobic interactions reached maximum. As the pH value increasing, the positive net charge of BSA increased, which led to the electrostatic interaction between proteins and cellulose-phenyl NFMs enhanced. As a result, the hydrophobic interactions between proteins and cellulosephenyl NFMs reduced. Even though, the differences of BSA binding capacities at various pH values were not huge when compared to that of ion-exchange adsorption. Considering the BSA binding capacity at pH = 5 was the highest, thus pH = 5 was selected for the following experiments.
Salt concentration is another critical factor that greatly influences the protein binding capacity, therefore the research of ionic strength on the adsorption behaviors has become the most intriguing field in the studies of protein HIC. Based on the solvophobic theory [34] , the presence of lyotropic salts enhances the surface tension of salt solution and brings the entropy down. For the sake of offsetting the entropy, the bound form of protein is more stable than the unbound protein thermodynamically. For this reason, the protein binding capacity is favored at high salt concentration. Given that the salt concentration should be lower than the concentration which could cause protein precipitation, the concentration of (NH 4 ) 2 SO 4 is not exceeded 2.0 M. The experiment data in Fig. 6a showed that the surface tension of the (NH 4 ) 2 SO 4 solution was enhanced as salt content increasing, resulting in a more hydrophobic condition for both proteins and cellulose-phenyl NFMs. As a result, the BSA binding capacity at all protein concentrations increased exponentially as the (NH 4 ) 2 SO 4 increasing (Fig. 6b) .
Adsorption kinetics can provide valuable data for understanding the mechanism of mass transfer and adsorption procedure. To elucidate the kinetic behavior of cellulose-phenyl NFMs, adsorption experiment was performed by prolonging the adsorption time. As displayed in Fig. 7a , the UV-spectral absorption peak at 277 nm decreased as time going on and kept mostly unchangeable when over 12 h, indicating the cellulose-phenyl NFMs possessed a fast adsorption process due to the absence of internal diffusion resistance [35] . The adsorption process could be divided into two stages and The effect of pH value on BSA binding capacity [in 1 mg ml −1 BSA, 2 mmol ml −1 (NH 4 ) 2 SO 4 ] of cellulose-phenyl NFMs linearly fitted to predict the adsorption rate ( Fig. 7b) . At the first 6 h, the cellulose-phenyl NFMs possessed a high average adsorption rate of 14.97 mg g −1 h −1 . As time prolonging, the gap of protein concentration between the mobile phase and solid phase decreased, which led to the adsorption rate falling to 2.83 mg g −1 h −1 .
Additionally, taking the economic plausibility and practicability into consideration, the reusability of the adsorbent is required. The reusability of the cellulose-phenyl NFMs was investigated by washing the fibrous membranes with PBS three times after each adsorption to elute the adsorbed BSA, and the schematic was shown in Fig. 8a . Subsequently, the regenerated cellulose-phenyl NFMs were reused for another cycle. The binding capacities of 10 cycles showed in Fig. 8b had little difference, and the nanofibrous morphology still existed after the 10th treatment (Fig. 8c) . For dynamic adsorption test, cellulose-phenyl NFMs with a total thickness of 2 mm were packed in a syringe, and 1 mg ml −1 BSA solution was poured into the syringe and flowed through the NMFs. The dynamic binding capacity of cellulose-phenyl NFMs calculated from the dynamic breakthrough curve (Fig. S2 ) was 24.7 mg ml −1 . Furthermore, the chemical stability of cellulose-phenyl was proved by adsorption BSA after harsh acid and alkali treatment (immersing in pH = 2 HCl or pH = 13 NaOH solution with 2 h). The binding capacities after acid and alkali treatment (112 and 109 mg g −1 , respectively) had no significant changes.
Conclusions
In conclusion, nanofibrous membrane media for protein adsorption were successfully prepared by directly coupling phenyl groups on cellulose NFMs. The BSA binding capacity of these NFMs was affected by (NH 4 ) 2 SO 4 concentration, pH value, and protein concentration. As the concentration The liner fitting plot of the binding capacity [in 1 mg ml −1 BSA, 2 mmol ml −1 (NH 4 ) 2 SO 4 , pH = 5] at two stages of (NH 4 ) 2 SO 4 or protein increasing, BSA binding capacity increased. The pH value closed to the isoelectric point was conducive to protein adsorption. The static adsorption capacity can reach as high as 118 mg g −1 when the solution contained 1 mg ml −1 BSA and 2 mmol ml −1 (NH 4 ) 2 SO 4 , pH = 5. Additionally, the cellulose-phenyl NFMs exhibit rapid adsorption rate, good chemical resistant and reusability. Therefore, cellulose-phenyl NFMs with outstanding protein adsorption performance could be a kind of competitive HIC media for protein purification. 
